Atomic force microscope infrared spectroscopy (AFM-IR) can perform IR spectroscopic chemical identification with sub-100 nm spatial resolution, but is relatively slow due to its low signal-to-noise ratio (SNR). In AFM-IR, tunable IR laser light is incident upon a sample, which results in a rise in temperature and thermomechanical expansion of the sample. An AFM tip in contact with the sample senses this nanometer-scale photothermal expansion. The tip motion induces cantilever vibrations, which are measured either in terms of the peak-to-peak amplitude of time-domain data or the integrated magnitude of frequency-domain data. Using a continuous Morlet wavelet transform to the cantilever dynamic response, we show that the cantilever dynamics during AFM-IR vary as a function of both time and frequency. Based on the observed cantilever response, we tailor a time-frequency-domain filter to identify the region of highest vibrational energy. This approach can increase the SNR of the AFM cantilever signal, such that the throughput is increased 32-fold compared to state-of-the art procedures. We further demonstrate significant increases in AFM-IR imaging speed and chemical identification of nanometer-scale domains in polymer films.
Introduction
Infrared (IR) spectroscopy is one of the most powerful and widely used techniques to identify and characterize chemical composition. Integration of IR spectroscopy with microscopy is desired for the simultaneous imaging of morphology and chemical composition. However, the spatial resolution of these techniques is generally diffraction limited, such that the smallest feature that can be measured is 1-10 µm in size [1] . It is thus challenging to perform high spatial resolution IR imaging on materials that have nanometer-scale heterogeneity. Several near-field methods have been proposed to perform IR imaging below the diffraction limit [2] [3] [4] [5] [6] [7] . These methods include near-field scanning optical microscopy (NSOM) with various configurations such as with [7] or without [3, 4] aperture, as well as interferometric [4] and ellipsometric [6] techniques. These near-field methods are generally limited to narrow bandwidth, and often cannot easily decouple spectroscopic properties from the sample morphology [8] .
Recently, atomic force microscope infrared spectroscopy (AFM-IR) has demonstrated IR spectroscopic imaging with spatial resolutions as high as 100 nm [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In AFM-IR, a pulsed IR laser source is incident upon a sample, which induces a rise in temperature and photothermal expansion within the sample, depending on the sample spectral IR absorbance. An AFM tip in contact with the sample measures this rapid and small expansion. AFM-IR has been used to perform IR imaging of bacteria [10, 11] , viruses [13] , living cells in liquid water [14] , a single semiconductor quantum dot [12] , and both homogeneous [15] and heterogeneous [17] [18] [19] [20] [21] [22] polymer nanostructures with spatial resolutions close to or less than 100 nm.
A key factor limiting the imaging performance of AFM-IR, including spatial resolution and measurement throughput, is the signal-to-noise ratio (SNR). A recent publication on the ultimate spatial resolution of AFM-IR [15] showed that the lateral resolution for chemical imaging is comparable to the lateral resolution for conventional contact-mode AFM. However, the signal intensity decreases linearly with decreasing sample thickness when the sample is thinner than 1 µm, which reduces the SNR. Another publication showed AFM-IR imaging the boundaries between two polymer nanostructures [21] , and concluded that the AFM tip radius and SNR mainly determine the minimum spatial resolution. In order to enhance the SNR of AFM-IR, the signal is typically averaged over a large number of measurements. This averaging can eliminate random noise, but requires long acquisition times, typically 256 measurements per wavenumber per pixel. At this acquisition rate, it usually takes several minutes to measure an IR spectrum at a fixed location on the sample. It can take hours for two-dimensional images to deliver a whole spectrum, while single wavenumber images can be taken in several minutes. While there has been some progress in improving the cantilever transducer for higher SNR [18] , there remains an urgent need to increase the speed of AFM-IR. This paper introduces a method to significantly improve the SNR of AFM-IR, and to thereby increase its speed. We show that the cantilever vibrational response during AFM-IR varies in both the time and frequency domains. By measuring the cantilever response in the time-frequency window of highest cantilever vibrational response, much of the noise can be discarded and the overall SNR improved. We show how this technique can improve chemical characterization and identification with a film of polystyrene (PS) and a polymer blend of polystyrene and polymethyl methacrylate (PS/PMMA).
Experiment and analysis of AFM-IR cantilever dynamics
Figure 1(a) shows the setup for AFM-IR measurement. We used a commercial instrument for AFM-IR from Anasys Instruments, and performed our own sample preparation and signal processing as described below. In AFM-IR, an IR laser is incident upon a sample, which is mounted on a partially transparent prism. The laser wavelength is tunable over the range 2.5-10 µm, which has wavenumber 1000-4000 cm −1 . The wavelength resolution varies over this range, and is about 5 nm, or 4 cm −1 wavenumber. The laser pulse has a duration of 10 ns and a repetition rate of 1 kHz. When the laser is incident upon the sample, the sample absorbs the laser energy according to its absorptivity, and undergoes a rise in temperature and nanometer-scale photothermal expansion. This photothermal expansion shocks the contacting AFM tip and induces cantilever vibration, which is detected by the AFM system. The cantilever response to the sample expansion is much faster than the speed of the AFM feedback system [23] , and so the AFM feedback signal of the z-piezo We used AFM-IR to measure a thin film of pure PS and a blend of PS/PMMA. The pure PS measurement was used to develop and demonstrate the analytical approach, while the PS/PMMA blend sample was used to demonstrate the chemical identification. The samples were prepared by spin-coating the prism with 50 µl of a pure PS or a 50:50 PS/PMMA blend in chloroform with 1% w/v. The process resulted in a film of thickness about 100 nm. The PS/PMMA sample has immiscible domains to create the morphology shown in figure 2. This morphology is expected due to the phase separation of the two polymers in the film [24] . Figure 2 (a) shows the AFM-IR chemical image obtained when the wavenumber is fixed at 3026 cm −1 . This wavenumber corresponds to an absorption peak that arises from the benzene ring in the PS. The absorption intensity discriminates the two domains in the polymer: the pits with high intensity are distinct from the low-intensity background. Figures 2(b) and (c) show the complete IR spectra measured along a line and at a fixed point in each domain in the wavenumber range of 2800-3200 cm −1 . Comparing the measured spectroscopic data with the spectra of pure PS and PMMA, we observe the signature peaks for both PS and PMMA throughout the film: higher absorption at 3026 cm −1 and 2926 cm −1 for the pits; higher absorption at 2951 cm −1 in the background. These results indicate that the pits are PS-rich domains while a layer of PMMA covers the whole film [25] . Figure 3 shows the dynamic response of the AFM cantilever during AFM-IR on a sample of pure PS. We measured each AFM time response following a laser pulse and averaged each ring down signal over 256 laser pulses (N = 256). Figure 3(a) shows the cantilever time response, which consists of a large, instantaneous cantilever deflection, followed by exponential decay. The interval between the laser pulses (1 ms) is sufficiently long to allow the sample to cool to near ambient temperature between pulses [21, 26] . Figure 3(b) shows the cantilever response converted in the frequency domain using a fast Fourier transform (FFT). The FFT response exhibits several peaks corresponding to the contact-mode frequencies of the cantilever. We observe that the cantilever vibrational energy varies in both time and frequency.
The cantilever vibration amplitude is proportional to the absorbed IR energy [15, 19] , and thus it is critical to determine the amplitude of cantilever response correctly in AFM-IR measurement. Typically, the AFM-IR measurement relies on analysis of either the peak-to-peak (PTP) amplitude in the time domain or the integrated magnitude of the FFT response in the frequency domain. However, neither analysis completely captures the cantilever dynamic response: the PTP amplitude fails to capture the underlying modal characteristic of the cantilever system; the FFT analysis disregards the temporal structure of the signal by averaging the amplitude over the time interval. To overcome these limitations, a combined time and frequency domain analysis is required to capture the full dynamics varying in time and frequency.
We apply continuous Morlet wavelet transform (WT) [26] to the cantilever response to provide a time-frequency representation:
Here, the time-domain response, x(t), is transformed to a series of WT coefficients, X(s, τ ), based on the convolution of x(t) with the complex conjugate of a mother (template) wavelet, * (t), through variation of the scaling parameter, s, and the time shift, τ . This Morlet wavelet is a complex exponential wave modulated by a Gaussian envelope, expressed as
The Morlet wavelet can readily capture the transient dynamic response under impulse loads [27] . We implemented these functions in MATLAB using standard algorithms, and performed most of the data processing after all of the data was collected. Figure 3(c) shows the resulting WT response in the time-frequency domain. The relative darkness of the color corresponds to the signal intensity, which is proportional to the vibrational energy of the cantilever. The WT response reveals the temporal evolution of each resonant mode and the instantaneous energy distribution. After the laser irradiation, the dynamic mechanical energy is localized in resonant modes of the cantilever and then dissipated. Outside of the area where energy is confined, the response amplitude is comparable to the noise level. Discarding this noisy portion of the signal enhances the SNR. Thus, we tailor a time-frequency-domain window to the region of highest cantilever vibrational energy and integrate the WT response over the region. The window is selected such that the calculated amplitude gives the maximum SNR and minimum sum of error (SE). Here, the SNR is defined by the ratio of peak absorption amplitude to the root-mean-square of the noise region in which no IR absorption is expected. The root-sum-square of the deviation from reference spectra determines the SE. The absorption spectra calculated using the PTP amplitude of the response with N = 256 are used as the reference. Figure 4 shows how the time window (TWD) is determined. Figure 4(a) shows the WT data averaged over the frequency. Fitting the averaged WT data to an exponential decay a(t) = a 0 exp(−t/τ ), we first estimated the decay time constant τ , the time it takes for the amplitude to be reduced to 37% (≈1/e) of the maximum amplitude a 0 . The TWD works as a filter that passes the signal from the start of the laser irradiation within a certain time bandwidth. The bandwidth is optimized for the resulting spectra to have the maximum SNR and minimum SE. Figure 4(b) shows the SNR and SE as a function of the TWD bandwidth for the PS film with N = 8. Here, n TWD is a constant multiplied by the decay time constant (τ ). We plot the results with only the TWD applied (open symbol) and with both the TWD and frequency window (FWD) applied (filled symbol) for comparison. The FWD optimization is explained in the following paragraph. The SNR and SE are optimized when the width of the TWD is around one decay time (n TWD = ∼1) since nearly all of the useful information occurs within this time bandwidth. For a wider TWD, the results worsen as they include more of the noisy portion. Within this time, there are some frequencies that contain more information than others. Therefore, the TWD + FWD always enhance the SNR compared to the TWD alone. Figure 5 explains the process to determine the frequency window (FWD). Figure 5(a) shows the FFT response peaks at a fixed wavenumber of 2926 cm −1 . Fitting a Lorentzian function to each peak, we first estimated the mode frequency (f i ) and quality factor (Q i ) for each resonant mode. The FWD works as a series of band pass filters for which the center frequency is the frequency for each mode. We tailored the FWD to pass the data only near the mode frequencies. The band is adjusted by varying a constant (n FWD ) multiplied by each frequency bandwidth ( f i = f i /Q i ). Figure 5(b) shows the SNR and SE as a function of the FWD width when both the TWD and FWD are applied to the PS measurement with N = 8. The SNR and SE provide favorable conditions when the FWD width is approximately one to two times the bandwidth and then worsen for a wider window. The SNR and SE are optimized when sufficient data points with high energy concentration are included in the analysis.
The WT analysis enables us to study the cantilever dynamics and energy localization in the time and frequency Figure 6 . Enhancement in the absorption spectra for a PS thin film through the WT windowing method. The measured cantilever response is averaged over eight laser pulses.
domains during AFM-IR measurements. Through the analysis, we could discover quantitatively the region in which the cantilever vibration energy is concentrated. The region in the time domain is from the start of laser irradiation until one decay time later; the region in the frequency domain is centered on the resonant-mode frequency with a width of one to two frequency bandwidths. Integrating over this region in the WT domain efficiently eliminates the noise from the signal and effectively reflects the IR absorption energy transduced by the cantilever system.
Application to AFM-IR imaging
Here we demonstrate how the WT windowing method can improve chemical identification of thin films of pure PS. The key parameters are the SNR and the number of laser pulses per measurement (N). spectra, plotted with a solid line. The benzene ring C-H stretching produces six characteristic peaks within the band: two significant peaks at 3026 and 2926 cm −1 and four smaller peaks at 2853, 3002, 3062, and 3084 cm −1 . Compared with the standard approaches using the PTP or FFT method, the WT method improves the SNR from 6.5 to 28.0 and the SE from 3.82 to 1.09. More importantly, the WT method can identify the smaller signature peaks, which are only barely distinguished from the background using the PTP and FFT methods. Figure 7 shows the measured absorption spectra for PS calculated using the FFT and WT windowing methods when N is reduced from 256 to 4. Even though the quality of the spectra for both methods is degraded-they become noisier and deviate further from the reference spectra-with respect to N, the WT analysis always reproduces the reference spectra better than the FFT method. In addition, the WT spectra reveal all-signature peaks even when N is 4, while the FFT method fails to distinguish the small peaks when N is reduced to 16 or less. Figure 8 plots the SNR and SE for the FFT and WT windowing methods as a function of N. The WT method improves on the SNR and SE by more than twice those for the FFT method at any value for N. The SNR for the WT method with N = 4 presents the same level of SNR for the FFT The WT technique can improve AFM-IR chemical imaging, demonstrated here on a polymer blend of PS/PMMA. While a cantilever scanned the sample with 100 nm spatial resolution, the absorption is measured at a fixed wavenumber of 3026 cm −1 , corresponding to the characteristic peak for PS. Figure 9 shows the spatial absorption maps constructed by employing the PTP and WT windowing methods for values for N of 256 and 8. For this chemical imaging at a constant wavenumber, we used only TWD, because the variation of the material properties within the sample can cause a shift in the tip-sample contact resonance. For N = 256, the large number of laser pulses per measurement averages the noise such that both the PTP and WT methods are able to identify the sample materials. However, the WT method permits a better discrimination for the boundary of the PS-rich domain. For N = 8, the WT method produces a superior result compared to the PTP method, with clear identification of the sample materials and clear boundaries between the materials. We conclude that the WT windowing method improves the AFM-IR imaging speed 32-fold compared to state-of-the art methods.
Summary and conclusion
AFM-IR enables chemical characterization and identification down to sub-100 nm scales, which makes it a promising technique to uncover important features for various nanoand bio-materials. In order to circumvent the limitation of AFM-IR imposed by its low SNR, we introduced the WT windowing method. This allows the extraction of localized IR absorption energy effectively from the cantilever dynamic response and, thus, improves the SNR significantly. We demonstrated that for AFM-IR on polymer films, this technique can improve the IR spectra and chemical mapping with the throughput increased 32-fold. This method could enhance the SNR and throughput using a proper analysis of the AFM response, which is very efficient in the way that it requires no change of the AFM-IR setup. We propose that wavelet transforms could be used more broadly to improve other types of AFM imaging, for example multi-frequency AFM techniques [28] where complex nonlinear dynamics govern the motion of the cantilever and its interaction with a sample.
